The success of such modeling depends on an accurate knowledge of the elastic behavior of the proposed minerals. For many important minerals, however, such knowledge is lacking or incomplete. This study represents an attempt to characterize better the elasticity of one important mineral group, orthopyroxenes, by measuring the single-crystal elastic constants of a sample of enstatite composition at ambient conditions by Brillouin spectroscopy.
The success of such modeling depends on an accurate knowledge of the elastic behavior of the proposed minerals. For many important minerals, however, such knowledge is lacking or incomplete. This study represents an attempt to characterize better the elasticity of one important mineral group, orthopyroxenes, by measuring the single-crystal elastic constants of a sample of enstatite composition at ambient conditions by Brillouin spectroscopy.
EXPERIMENTAL DETAILS AND RESULTS

Sample
The sample used in this study was taken from a cleavage flake chipped off a larger sample provided by a commercial gem dealer. (Table 1) showed that the flake was an enstatite of composition Mg0.94Fe0.06SiO3.
In addition to natural growth faces, {001 } surfaces were ground flat using a thin section grinder. The grinding process caused the crystal to cleave into a large number of fragments. From these was chosen a high-quality specimen with dimensions of about 0.75 mm x 0.25 mm x 0.075 mm and displaying {001}, {010}, {100}, and {210} planes. Although the flake was not free of inclusions, they were avoided in the Brillouin measurements. The crystal was mounted and oriented on a Buerger precession camera using standard techniques. It was then transferred to a four-circle singlecrystal diffractometer, and an orientation matrix was computed [Busing and Levy, 1967 ] using a number of high-angle reflections. The cell constants determined from the X-ray work are listed in Table 2 . Two orientations were used in making Brillouin measurements. Acoustic velocities in 34 directions were measured with the c axis parallel to the spindle axis. The crystal was remounted with b parallel to the spindle, and 16 additional directions were measured.
Brillouin Measurements
The apparatus for detecting Brillouin frequency shifts has been described many times [e.g., Vaughan, 1979 Table  3 , and the calculated velocities corresponding to each experimentally determined velocity are presented in Table 4 and illustrated in Figure 1 . The rms error in velocity is 35 m/s; the maximum error is 117 m/s. The off-diagonal elements of the trade-off coefficient matrix are close to zero (the maximum value was 0.006 for C66 versus c•2). This is a good indication of the low interdependence of the individual elastic constants. Finally, the isotropic averages of the elastic moduli for both the Voigt-Reuss and the HashinShtrikman averaging schemes are given in Table 5 .
In Figure 1 , the experimental and theoretical velocities are shown as a function of crystallographic direction in the (001), (100), and (010) planes. The experimental velocities (symbols) are labeled as in Table 4 ; the theoretical velocities (solid lines) are derived from the calculated moduli by Christoffel's equation. Theoretical velocities are compared to measured velocities in Table 4 . The standard deviations of the moduli (Table 3) are calculated from the rms deviation taking the relative significance of each velocity in determining the moduli into account. Pyroxenes of enstatite composition are found in four major polymorphs: high clinoenstatite (space group C2/c), low clinoenstatite (P2i/c), orthoenstatite (Pbca), and protoenstatite (Pbcn) (see Carlson [1985] and Smyth [1974] for exceptions). Variation among the structure types is primarily the result of differences in stacking of octahedral layers, with differences in the tetrahedral chains also begin important. Octahedral stacking is defined as However, c22 should decrease with increasing iron content because it is dependent on M2, and Fe-containing octahedra are more compressable than Mg-containing octahedra. At En50, M2 is 
Comparison of c• with C33. For all orthopyroxenes c• is greater than C33 while for such other pyroxenes as protoenstatite, diopside, and jadeite, c• is less than c33. It is interesting to note that all pyroxenes in the latter group have one symmetrically distinct tetrahedral chain, while orthopyroxenes have two. This' rule holds for structures exhibiting a wide range of kinking angles. For example, kinking angles in diopside and ferrosilite differ by only a few degrees, yet C33 for diopside is greater by about 33%.
The explanation for this lies in the fact that one of the tetrahedral chains in orthopyroxenes is more kinked than the other. This chain is weaker, and when stress is applied along the c direction, it can be expected to be passive. The strain must then be distributed among a smaller number of structural units, and consequently, the modulus is lowered in value.
Modulus c22. The response to stress along b is controlled
by c22. For protoenstatite, where Li + is ordered on the M2 site, c22 is very low suggesting significant M2 compositional control [Vaughan and Bass, 1983 ]. Bass and Weidner [1984] concluded that for compositions greater than En80, the decrease of c22 is substantially greater than a linear trend would indicate. They claimed that this observation supported the idea of strong ordering of Fe 2+ on the M2 site.
With the new data acquired in this study, it appears that c22 displays a greater than linear increase with increasing iron content only for compositions above En94. Between En94 and Eno, there is little difference between the slopes of c• and c22. The curves do differ in that c• appears to vary more smoothly than c22. This For all pyroxenes studied to date, c22 is the lowest of the longitudinal moduli. This has been attributed in part to the relative ease of rotation in this direction and the overall weakness of the M2 site . It has also been proposed that voids in the b-c plane lower the value of c22 [Vaughan and Bass, 1983] . However, the data do not support this last idea. When large cations occupy the M2 site, the voids in the structure are filled in Papike, 1980, 1981 ] . If the voids were significant, c22 for diopside would be much greater than c22 for orthoenstatite. In fact, c22 for diopside is slightly less than c22 for orthoenstatite. Furthermore, the voids apparently do not have much affect on shear in the b-c plane since c44 is the largest of the shear moduli. Thus existing evidence does not support the role of structural voids in contributing to c22. A possibility that has not been considered, however, is that the distortion of the M2 polyhedra can help explain the low value of the modulus. Structural studies indicate that M2 is only slightly less stiff than M 1 [Bass and Weidner, 1984], but because they are elongated along b, the M2 octahedra may be much more compressable in that direction. Thus it does not seem likely that experimental differences can explain the resulting complex variation. The role of impurities has been discussed above and can be considered to be minor because the quantity of impurities is small. The best explanation for the nonsystematic behavior is that it represents the sum of sample-tosample variations in such factors as cation site ordering. The unusual behavior between En94 and End00 probably cannot be explained by small differences in chemistry, however. These discrepancies may reflect intrinsic differences between the elastic behavior of natural and synthetic samples. On the other hand, the differences may be due to the limitations of the data set of Weidner et al. [1978] . Among the problems with their data is that they made no explicit corrections for the effect of refraction at crystal faces, nor did they account for the variation of refractive index in the incident and scattered directions. However, these errors are likely to be small because of the low refractive index and birefringence of orthoenstatite. Furthermore, they measured fewer velocities which were not as well distributed as the velocities measured in this study. A useful step in resolving some of the problems discussed above would be to remeasure the elastic constants of pure orthoenstatite.
CONCLUSIONS
Brillouin scattering has been used to measure the single-crystal elastic constants of an orthopyroxene of enstatite composition at 20øC and 1 bar. The new data have been compared with extant single-crystal pyroxene elasticity data, and previously identified nonsystematic behavior is confirmed. Some of this behavior can be qualitatively related to crystal structure and composition on the The shear and off-diagonal moduli, although nonsystematic, tend to vary in similar ways, as most moduli achieve local minima or maxima at En84. This is believed to be a reflection of smallscale sample-to-sample variabilities. For low Fe concentrations, the behavior of the shear moduli is best explained by ordered cation substitution. The low variability of the off-diagonal moduli, however, is probably a basic feature of the pyroxene structure.
Among the averaged moduli, nonsystematic variation in <c•> is apparent for the first time with this study. It is caused by the unusual behavior of c33. The averaged shear modulus, <C44> , reflects order-disorder phenomena as discussed above; and <c•2> is consistent with a linear rate of decrease between end-members.
The shear modulus, m, measured here appears to vary linearly with composition. The bulk modulus is essentially constant for all orthopyroxenes. Our value for the bulk modulus is 5% lower than that measured by Weidner et al. [1978] . We believe that ours is a better value because the individual constants are more tightly constrained. In many cases our data define a different trend than that suggested by the data for the Mg-rich end-member. It may be possible to resolve these discrepancies by remeasuring the elastic constants of pure orthoenstatite. In addition, it may be possible to answer questions about some individual moduli (c• and c33, for example) and about the effects of site ordering by better crystallographic characterization of the sample used in this study and by additional measurements on well characterized samples in a wider compositional range, especially En0 to En80.
